Late-flowering ecotypes and mutants of Arabidopsis thalana and the related crucifer Thlaspi arvense flower early after cold treatment (vernalization). Treatment with the DNA demethylating agent 5-azacytidine induced nonvernalized plants to flower significantly earlier than untreated controls. Cytidine at similar concentrations had no effect on time to flower. In contrast, late-flowering mutants that are insensitive to vernalization did not respond to 5-azacytidine treatment. Normal flowering time was reset in the progeny of plants induced to flower early with 5-azacytidine, paralleling the lack of inheritance of the vernalized condition. Arabidopsis plants, either cold-treated or 5-azacytidine-treated, had reduced levels of 5-methylcytosine in their DNA compared to nonvernalized plants. A Nicotiana plumbaginifolia cell line also showed a marked decrease in the level of 5-methylcytosine after treatment with either 5-azacytidine or low temperature. We suggest that DNA methylation provides a developmental control preventing early flowering in Arabidopsis and Thlaspi ecotypes. Vernalization, through its general demethylating effect, releases the block to flowering initiation. We propose that demethylation of a gene critical for flowering permits its transcription. We further suggest, on the basis of Thlaspi data, that the control affects transcription ofkaurenoic acid hydroxylase, a key enzyme in the gibberellic acid biosynthetic pathway.
In many plants the transition of the shoot apical meristem from the vegetative to the flowering state occurs in response to environmental cues. Day length is one such cue, some plants requiring short, others long, days to initiate flowering. The site of perception of day length is the leaf, where a signal is generated and subsequently translocated to the shoot apex, where a new pattern of cell division forms the flowering meristem that subsequently produces the inflorescence (1) .
Exposure to low temperature can induce flowering in many temperate monocots and dicots, the cold treatment being termed vernalization (1) . Experiments involving cooling treatments localized to parts of plants have shown that the shoot apical meristem is itself a site of perception of the low-temperature treatment (2, 3) . Wellensiek (4) provided evidence that cell division during vernalization is necessary for thermoinduction in Lunaria annua and that flowering structures are ultimately derived from the mitotically active cells that were subjected to vernalizing temperatures. He concluded that thermoinduction is a cell-autonomous process that is mitotically propagated.
The observation that tissues other than the shoot apical meristem also have the capacity to support thermoinductive responses to vernalization is consistent with the concept of mitotic transmission. Shoots regenerated from leaf cuttings of both L. annua (4) and Thlaspi arvense (3) exhibited a developmental state identical to that of plants from which they were obtained: flowering shoots developed from leaves of cold-treated plants, whereas only vegetative rosettes developed from the leaves of nonvernalized plants. These data demonstrate a mitotic memory of thermoinduction that is stable through many cell divisions and even through changes in the state of cellular differentiation.
In all plants that require vernalization to flower, the pattern of development is reset to vegetative growth in the progeny of the thermoinduced plant; progeny plants must also be vernalized in order to flower (1) . Thermoinduction of flowering is an epigenetic process, restricted to a single sexual generation.
Although mechanisms for the epigenetic control of gene expression are not well understood, there is increasing evidence that the pattern of DNA methylation is important (5) . In plants and animals, the cytosine residue of a CG dinucleotide can be methylated, and in plants methylation of CNG motifs also occurs (6) . The pattern of methylation is propagated by the activity of a methyltransferase enzyme that prefers a hemimethylated double-stranded sequence as substrate (7) . Methylation pattern is maintained with high fidelity through each DNA replication cycle and is transmitted to both daughter cells resulting from a mitotic cell division (5) .
The lack of transcriptional activity has been associated with methylation of cytosine residues within the promoter region of a gene (8, 9) . DNA-binding proteins, including transcription factors, can be sensitive to the presence of methylated cytosines in DNA (10) , and this may be what prevents transcription.
Treatment of plant and animal cells with 5-azacytidine (5-azaC) results in the demethylation of DNA directly by incorporation of the analogue in place of cytosine during DNA replication (11, 12) and indirectly by inhibition of the action of the methyltransferase enzyme (13) . Demethylation of DNA by 5-azaC has been correlated with induction of transcription in a number of gene systems in plants and animals (14, 15) .
We show that low-temperature treatment results in extensive demethylation of DNA and we propose that flowering promotion is caused by demethylation of the promoter of a gene or genes critical for the induction of flowering. We have support for this hypothesis from experiments in which 5-azaC treatment substituted for vernalization in accelerating flowering.
MATERIALS AND METHODS
Plant Material. The late-flowering ecotypes Pitztal (Pi) and Kiruna-2 (Kr-2) originated from L. Laibach (16 Fig. 1 ).
The extent of advancement of flowering time is dependent on 5-azaC concentration, 250 ,uM being optimum. Higher concentrations of 5-azaC were inhibitory to bolting and flower development probably because of nonspecific toxic effects of 5-azaC. Cytidine over a similar range of concentrations had no effect on time to flower of Thlaspi.
5-azaC and Vernalization Result in Demethylation of DNA.
Treatment of animal and plant cells with 5-azaC results in a reduction in the proportion of methylated cytosine in DNA (11, 12) . If vernalization and 5-azaC promote flowering through similar mechanisms, then vernalization might also be expected to reduce DNA methylation. Cytosine methylation was measured indirectly with a methylation-sensitive restriction enzyme or directly using HPLC assay. The restriction enzymes Msp I and Hpa II were used to monitor the meth- Increased digestion with Hpa II of DNA fromfca-7 plants, following vernalization or treatment with 5-azaC, indicated a reduction in methylation of the satellite repeat region in response to both treatments (Fig. 2) . The 5-azaC treatment caused more demethylation since the extent of digestion by Hpa II was greater in DNA extracted following vernalization.
In Arabidopsis DNA, only 6% of cytosines are methylated (30) compared to 30-35% in Nicotiana (14) . The low level in Arabidopsis makes it difficult to measure small changes in the percentage of methylated cytosine. We therefore used N. plumbaginifolia suspension culture cells to investigate whether low temperature affected the DNA methylation status of the cells. Low temperature and 5-azaC substantially reduced the proportion of methylated cytosine in DNA (Table 5 ). The effect of 5-azaC was greater than the cold treatment; 4-or 9-day 5-azaC treatment resulted in a 37% or 55% reduction in methylated cytosine, respectively, whereas low temperature reduced the level by 22%.
These results demonstrate that low temperature and 5-azaC treatment decrease the level of DNA methylation in germinating seedlings and cell culture and that lowtemperature demethylation is not restricted to vernalization- Plants were grown at 21°C and observations were made 13 weeks after planting. Unvernalized Thlaspi takes 24 weeks to flower under these conditions. Values followed by different letters are significantly different at the P = 0.05 level as determined by the method of Gibbons (27) following analysis of variance using the Kruskal-Wallis test (nonparametric test using ranked sums). sensitive species or to those cells that respond to vernalization by advancing flowering.
DISCUSSION
Our experiments, using two different plant species in which low temperature induces flowering, have shown that 5-azaC treatment partially substitutes for cold treatment in the promotion of flowering. We have shown that 5-azaC treatment parallels vernalization in a number of key properties. Both treatments are meristem specific; they are cell division dependent and cell lineage propagated, and their effects are not inherited through successive sexual generations.
Since 5-azaC incorporation into DNA results in demethylation, the inference can be drawn that the methylation status of particular DNA sequences controls the potential for transition from vegetative to reproductive development. Our presumption is that methylated nucleotides in the promoter region of a flowering initiation gene(s) prevents transcription.
Total genomic DNA was isolated from Arabidopsis mutant fca-7 that either had been grown at 23°C for 21 days (nonvernalized) or had been exposed to low temperature (21 days at 4°C) or 5-azaC (4 days) before being transferred to 23°C for 21 days. DNA was digested with Msp I (M) or Hpa 11 (H), 5-10 jg of digested DNA was run on an 0.8% gel overnight (30-40 V) , and blotted (28) onto nylon membranes. A 2.5-kilobase fragment containing a single 180-base-pair satellite repeat from Arabidopsis (kindly supplied by Eric Richards) was labeled with [32P]dCTP using the random primer method (29) and used as a probe. V, vernalized; NV, nonvernalized.
We further postulate that this methylation block is removed by either low temperature or 5-azaC treatment. Since methylation patterns are transmitted through mitotic divisions, with members of a cell lineage having the same pattern of methylation, we relate the initial demethylation event to the subsequent meristem transition.
Our findings of the inheritance of the thermoinduced state through extensive numbers of cell divisions, and even through dedifferentiation and subsequent redifferentiation of cells (Table 2) , fit well with the hypothesis that a change in the DNA methylation status mediates thermoinduced flower initiation. This explains why thermoinduction does not appear to be graft transmissible (4), although Lang (ref. 1, p. 1492) does cite an experiment of Melchers that he concludes argues for a transmissible "vernalin." Information conserved in a DNA methylation pattern is cell autonomous and not mobile between cells. Vernalization treatment must be applied to the progenitor cells of the inflorescence cell lineage, whether they occur in shoot apical meristems or in secondary meristems derived from tissue generated from either root or shoot meristems. Cells in the root meristem switch to the thermoinduced state in response to treatment, but their flowering potential can only be expressed following appropriate morphogenesis.
Our hypothesis explains the temporal disjunction of a vernalization treatment and the much later onset offlowering in the mature stage of development of the plant. This disjunction has been difficult to rationalize in terms of specific cell products or generalized hormone effects. (1, 20, 32) . Also in Thlaspi, kaurenoic acid metabolism, a step in the GA biosynthetic pathway, is under thermoregulation in the apex but not in the leaves (33) . The enzyme converting kaurenoic acid to 7(3-OH kaurenoic acid is induced by low temperature (34) . We have preliminary evidence that the same step in GA biosynthesis is under thermoinductive regulation in Arabidopsis. In Thlaspi and Arabidopsis the promoter of the meristem kaurenoic acid hydroxylase gene may be inactivated by methylation. The implication is that until these methyl groups are removed, by vernalization or by 5-azaC, the gene is not transcribed.
Mutants at different loci, such as fca, J5, and fve, all have similar responses to vernalization. Furthermore, all recovered alleles of each of these loci are vernalization sensitive (26) . This suggests that Arabidopsis plants may have an underlying vernalization block (25, 26) but that in early-flowering ecotypes, such as Ler, there are metabolic pathways circumventing the specific block (Fig. 3) We conclude that DNA methylation plays a key role in the control of flowering initiation in plants responding to a low-temperature cue. Our proposal that this is mediated through control of a step in an apex-specific GA biosynthetic enzyme gene is open to experimental analysis.
